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Abstract

Measurements of beam driven Alfvén Eigenmode (AE) activity in matched deuterium (D) and
hydrogen (H) DIII-D plasmas show a dramatic difference in unstable mode activity and fast ion
transport for a given injected beam power. The dependence of the unstable AE spectrum in
reversed magnetic shear plasmas on beam and thermal species is investigated in the current
ramp by varying beam power in a sequence of discharges for fixed thermal and beam species at
fixed density. In general, a spectrum of Reversed Shear Alfvén Eigenmodes (RSAEs) and
Toroidal Alfvén Eigenmodes (TAEs) are driven unstable with sub-Alfvénic D beam injection
while primarily only RSAEs are driven unstable for the H beam cases investigated. Further, for
a given beam power, the driven AE amplitude is always reduced with H beams relative to D and
for H thermal plasma relative to pure D or mixed D/H plasmas. Estimates of the fast ion stored
energy combined with modeling using the hybrid kinetic-MHD code MEGA indicate that the
dominant mechanism contributing to the difference between H and D beam drive is the faster
classical slowing down of H beam ions relative to D and the resultant lower beam ion pressure.
Calculations of the AE induced stored energy deficits using the reduced critical gradient model
TGLFEP show quantitative agreement with the observed dependencies on injected power,
isotope and minimum safety factor.

Keywords: fast ions, Alfvén eigenmodes, energetic particles, tokamaks, DIII-D tokamak,
isotopes, neutral beam heating
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1. Introduction

Fast ion transport by Alfvén Eigenmodes (AEs) is a key lim-
iting factor in high-g,,;, steady-state discharges [1, 2] and
recent predictions raise a similar concern for ITER scenarios
[3]. DIII-D experiments investigating these instabilities have
formed the basis for several international multi-code EP val-
idation cases [4, 5]; however, the vast majority of these data
are for deuterium beams into deuterium background plas-
mas. In contrast, ITER and all burning plasma experiments
will have multiple thermal species (deuterium (D), tritium
(T), helium (He)) and at least 1-2 fast ion species such as
D beams, 3.5MeV alphas, hydrogen (H) RF-tails. Indeed,
scenario development in future reactors will initially take
place during a non-nuclear phase with primarily H and/or
He thermal and fast ions, while the eventual thermonuclear
plasma will consist of primarily D and T. It is known that
both the fast ion and background species can have a dra-
matic impact on AE stability. In fact, several competing effects
that depend on beam ion and thermal species occur simul-
taneously which can significantly modify AE drive and fast
ion transport. Modes are driven by fast ion pressure gradi-
ent (VPpy) [6] and Py is related to the fast ion slowing
down time (7 X Mg,s) [7], where My, is the fast ion mass.
Wave particle resonances depend on Alfvén Mach number
(Viast/Va ¢ (Miperm/Miast) /%), with the strongest interaction
occurring for Vi, /V4 = 1. The most unstable mode (#,x
1 /Mlla/gf) depends on fast ion p* or banana width which plays a
role in stability as well as transport [8, 9, 11]. Multiple EP spe-
cies, as expected in reactors, further complicate the interaction.
An excellent example of this is from TFTR DT experiments,
where despite 25+MW of D/T beam power combined with a
significant 3.5 MeV alpha population, AEs were stable during
the highest power phase and were only unstable after beam
ions slowed down [10]. The ~100kV beam ions stabilized
the same modes the alphas were driving, an effect that can be
attributed to the beam ion energy gradient (dF/dE < 0) damp-
ing of the mode overcoming the spatial drive terms from the
beam ions and alphas, the competition between which depends
on details of the orbit types and modes [11]. Experimentally,
large variations in AE amplitude and damping with both
plasma and fast ion isotope have been documented [8, 12-16],
primarily in plasmas with monotonic magnetic shear. To make
accurate and reliable predictions for future devices, it is cru-
cial to expand the range of conditions investigated and valid-
ate models for both mode stability as well as fast ion transport
that are capable of resolving these complicated sensitivities
and interactions.

In this work, beam driven AE activity in matched D and
H as well as mixed H/D DIII-D plasmas with varying levels
of injected beam power are investigated in reversed magnetic
shear plasmas. In support of the experiment, predictions for
the impact of Alfvénic activity were made, well before the
experiment took place, using the TGLFEP+Alpha model [3,
17] combined with TRANSP/NUBEAM [18, 19]—a so-called
‘predict first” experiment. TGLFEP+Alpha is a reduced and
computationally inexpensive model of EP transport that relies

on the assumption of critical-gradient AE transport with the
critical EP density gradient determined by linear AE stabil-
ity calculations in the TGLF gyro-Landau fluid code [20, 21].
TRANSP/NUBEAM is a Monte Carlo code that computes the
time-dependent deposition and slowing down of the fast ions
produced by NBI, taking into consideration beam geometry
and composition, ion-neutral interactions (atomic physics) and
finite Larmor radius effects. TRANSP also includes the abil-
ity to accept a radial, pitch and energy dependent anomalous
fast ion diffusivity to simulate the effects of MHD and other
loss mechanisms. The simulation cycle begins with a ‘clas-
sical’ TRANSP run, for a given set of experimental conditions,
which forms the inputs for a TGLFEP+Alpha calculation. In
this paper, ‘classical’ refers to neoclassical fast ion behavior
influenced only by collisional processes and other standard
loss mechanisms including charge exchange, i.e. not including
wave-induced fast ion transport. TGLFEP+Alpha then yields
a radially dependent fast ion diffusivity profile that is used
in another TRANSP run to predict the relaxed fast ion pro-
file and impact on other quantities such as DD neutron emis-
sion, heating, etc. Predictions for these experiments were made
using the same target discharge as the actual experiment—the
well documented AE validation case, DIII-D L-mode current
ramp discharge 159243 [5, 22]. Discharge conditions will be
described in detail in section 2. Predictions focused on the
impact of variation of beam power, species, and minimum
safety factor (gmin), all of which were varied in the experi-
ment described here. Figure 1 shows the impact of AEs on
fast ion pressure (figure 1(a)) and stored energy (figure 1(b))
predicted by TGLFEP+TRANSP. In addition to significant
transport (up to 55% deficit in fast ion pressure and 40% in
stored energy for the highest D beam injection into D thermal
plasma, Dngr — D) several predicted trends are apparent in
these figures. (i) With respect to isotope, H beam injection has
lower expected transport for a given beam power in all cases,
(i1) H beam injection into H thermal has the lowest transport of
all cases and (iii) the impact of the instabilities is significantly
reduced as gmi, is varied from 4 to 3. These trends (as well
as a quantitative comparison with the mode impact on stored
energy as species and power) are compared with experiment
in section 5.

Experimentally, as in the predictions, the data show a dra-
matic difference in unstable mode activity between the various
isotope combinations for a given injected beam power, with
much weaker mode activity and fast ion transport for all cases
with H beams. For the conditions investigated, the data indic-
ate that the dominant mechanism contributing to the differ-
ence between H and D beam drive is the faster classical slow-
ing down of H beam ions relative to D and the resultant lower
beam ion pressure / AE drive—a result consistent with previ-
ous experiments in monotonic shear plasmas showing weaker
or no AE activity with H beam injection [8, 13]. This paper is
organized as follows. In section 2, the experimental conditions
and approach are discussed, then section 3 compares spectra
of the unstable mode activity followed by a quantitative ana-
lysis of the dependence of mode amplitude on injected power,
fast ion beta (Brag), and gmin. Section 4 discusses numerical
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TGLFEP+TRANSP Fast lon Transport Predictions
Target Discharge 159243, Current Ramp

SPtast(0) (%)
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Figure 1. TGLFEP+TRANSP fast ion transport predictions for a
beam power scan using DIII-D reversed magnetic shear discharge
159243 during current ramp at = 520 ms (gmin = 4) and ¢ =800 ms
(gmin = 3) as a target. (a) Predicted fast ion pressure and (b) Fast ion
stored energy deficit from classical.

simulations of the fpg and gnmin dependencies using the
MEGA code [23]. Section 5 shows the measured impact of
the driven EP instabilities on fast ion content, including com-
parisons with TGLFEP4+-TRANSP modeling.

2. Discharge background and experimental
approach

The dependence of the unstable AE spectrum on beam and
thermal species was studied in the plasma current ramp by
varying the beam power in a sequence of discharges for fixed
thermal and beam species with a nominally fixed density tra-
jectory. The discharges presented utilize an oval (elongation,
k=~ 1.5) shaped L-mode plasma modeled after two very well
documented D discharges used previously for the investiga-
tion of beam driven AEs in DIII-D (142111 and 159243) -
both have been studied and modeled extensively [4, 5]. In these
Br=2.05T discharges, 70-80kV sub-Alfvénic neutral beam
injection begins at ¢ =300 ms and continues while the plasma
current (/,,) is ramping up at a constant rate of 0.8 MA s~ until
reaching approximately 0.8 MA at ¢ = 600 ms. The evolution
of the various discharge quantities for H injection into a H
thermal plasma (red) and D injection into a D thermal plasma

‘0F 3185781, Dy, D therm,
814183739, Hy,, H therm.
:

K
T
]

3.0

e

PO NN
p oooubUmow

n_(10"” cm?®)

Pinj (MW)

N wo N
T T T

Te (keV)

400 600 800 1000

Time (ms)

0 200

Figure 2. DIII-D discharges 185781 (Dngi, Diherm) and 183739
(HwBI1, Hiherm) (@) Plasma current, (b) line-averaged electron density,
(c) injected beam power, (d) On-axis electron temperature from
ECE and (e) Alfvén Mach number. An example equilibrium is
shown in figure 6(a).

(blue) are presented in figure 2. The electron density plays a
key role in the presented results (see figure 10) and the pre-
programmed trajectory was kept constant for all discharges;
one can see the resulting trajectories are matched reasonably
well for D/H during the current ramp portion (figure 2(b)).
The electron temperature evolution is also close although the
actual values depend on the details of both thermal transport
(which also has a mass dependence) as well as the fraction of
beam power heating the ions vs. electrons which also has a
mass dependence. Due to using the same thermal and back-
ground mass for the cases shown in figure 2 as well as a reas-
onably matched density, the resulting ratio of beam to Alfvén
speed is also very similar (figure 2(e)) and typically begins
Vieam/ Va == 0.3 and reaches Vieam /Va = 0.5 during the period
of interest.

3. Impact of isotope on AE activity

Early neutral beam injection during the current ramp phase
produces a variety of Alfvénic activity including Toroidicity
induced Alfvén Eigenmodes (TAEs) and Reversed Shear
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Figure 3. CO?2 interferometer crosspower spectrograms for (a) and (b) Hxgr, Hinerm and (¢), (d) Dxgi, Dinerm power scan respectively. Note

discharges 183739 and 185781 are the discharges shown in figure 2.

Alfvén Eigenmodes (RSAEs) [24]. Crosspower spectro-
grams of CO,; interferometer measured line-integrated dens-
ity fluctuations [25] showing the variety of modes that are
driven are presented in figure 3. In general, a spectrum of
RSAESs and TAEs are driven unstable with D beam injection
(figures 3(c) and (d)) while primarily only RSAEs are driven
unstable for the H beam cases investigated (figures 3(a) and
(b)). In these figures, TAEs are identified through their relat-
ively slow frequency variation near the top of RSAE frequency
sweeps, whereas RSAEs sweep up much faster in a pattern
that depends sensitively on g, [24]. Further, for a given beam
power, the driven AE amplitudes are always reduced with H
beams relative to D, an effect dominated by the faster slow-
ing down of H and lower B (see figure 9) and something
reproduced by modeling (see section 4).

Similar results are obtained for D and H beam injection
into mixed background species. Figure 4 shows data from a
set of discharges in which the target plasma was roughly an
equal mix of D and H with np /n, ~ 52% — 58% for the cases
shown. The cited concentration values were measured using
two approaches. The first utilizes periodic D beam blips to
look at the 2.5 MeV beam plasma neutron emission relative to
pure D cases; a reduction in D targets shows up as a reduction
in peak neutron signal [26]. The second approach utilized the
DIII-D main ion charge exchange system to look at the ratio
of H to D brightness [27, 28]. In these discharges, the modes
driven by H beams appear to be larger amplitude than those in
pure H for a given power. D beams in contrast are similar or
slightly weaker than pure D cases. In both cases, the types of
modes identified are the same as the corresponding pure H or
D cases.

Interestingly, the concentration values cited in figure 4 are
further confirmed through the AEs themselves using so-called
‘AE spectroscopy’ [29]. In figure 5 the upper end of the RSAE
frequency sweeps (approximately the TAE frequency) have
been highlighted. Due to the mass dependence of the Alfvén
speed, the ratio of TAE frequencies between the np/n, ~ 5%
and np/n, ~ 53% should result in a ratio of TAE frequen-
cies ~(1.53/1.05)'/? = 1.21 which is approximately what is
observed. For ITER and future reactors, this mass dependence
of the AE frequencies could potentially be used to identify the
evolution of the D/T concentration in the core of otherwise
similar plasmas in which AEs are unstable [30].

To quantify the change in mode amplitudes for the dif-
ferent isotope configurations, interferometer measurements of
coherent mode amplitude are used. The DIII-D CO?2 inter-
ferometer system consists of four chords [31], three vertical
and one radial on the device midplane; the layout is shown in
figure 6(a). In DIII-D EP experiments, typically crosspower
spectra of the V2 and RO chords are used to get a global over-
view of mode activity; these are the spectra shown in figures 3—
5. TAEs like those identified in figures 3 and 4 are known to
produce larger line-integrated density perturbations on vertic-
ally viewing interferometer chords than radial views with a
similar tangency radius [25, 32], while their ballooning nature
makes them appear more readily on the V2 and V3 chords.
RSAEs, located at gy, only appear on the innermost chords
which traverse their location; as such, RO is most effective for
identifying RSAEs. Here, coherent modes are identified using
a coherence analysis that finds frequencies and times at which
the greater of the coherence between two sets of interferometer
chords, the V2 and RO chords and the V2 and V3 chords is
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Figure 4. CO; interferometer crosspower spectrograms for (a) and (b) Hxgi, mixed H/Derm and (¢), (d) Dngr, mixed H/Diperm power scan

respectively.
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Figure 5. CO; interferometer crosspower spectrograms for (a)
Hngi, Hiherm and (b) Hxgi, mixed H/Dierm With approximate TAE
frequencies overlaid (solid 183743 and dashed 184127)
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Figure 6. (a) DIII-D CO2 interferometer layout. (b) spectrogram
with coherent modes identified. (c) Inferred coherent AE amplitude.

above the 95% significance level [33]. An example of modes
identified using this approach is given in figure 6(b). The AE
amplitude discussed here is the integrated amplitude obtained
from the crosspower of the V2 and RO chords at times and fre-
quencies identified using the coherence analysis, an example
of which is given in figure 6(c). Due to the density evolution,
for a comparison of amplitudes in the different conditions,
amplitudes are scaled by line-averaged density at the relevant
time to yield a quantity proportional to on,/n,.

An important consideration in comparing the mode amp-
litudes and AE induced transport for the different discharges
is the dependence of AE amplitude on safety factor (¢) and
the fact that g evolves differently in the different conditions,
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Figure 7. Temporal gmin evolution for the different species and
injected beam power cases used.

particularly when beam power is varied (a result of both differ-
ent conductivity and current diffusion as well as neutral beam
current drive variation). The temporal evolution for the differ-
ent Hygp into Hipermar and Dygp into Dipermal cases is shown
in figure 7, where g, values are obtained from RSAE spec-
troscopy as well as Internal Transport Barrier (ITB) timing
[25, 34] and corroborated by Motional Stark Effect (MSE)
[35] and magnetics-based equilibrium reconstructions. As can
be seen from the spectrograms, the AE activity in each case
evolves as the current penetrates which is ultimately due to
a sensitivity to the minimum safety factor gmp. To avoid
conflating this dependence with that on species and drive
power, the data presented in the comparisons that follow are
collected around specific g, values rather than picking a
specific time.

AE amplitudes for the different beam and thermal combin-
ations are shown in figure 8(a) vs. injected power at gpin =~ 3.
AE amplitudes and beam power are averaged over 40 ms inter-
vals and, in the case of H plasmas, more than a slowing down
time away from any D beam diagnostic blips that occur. AE
amplitude error bars represent the standard deviation of mode
amplitudes over that interval. The trends visually apparent in
the spectrograms are clarified in figure 8 and it is apparent
that, for a given injected power and gn;,, H beams are sig-
nificantly less efficient at driving AEs than D with a rough
amplitude ordering of Hxgr — H < Hxg1 — H/D < Dnp1 —
H/D < Dng1 — D. Interestingly, it is noted that over the range
of conditions investigated, no transition in the nonlinear mode
evolution was observed, i.e. from steady frequency modes to
chirping, as in [14]. Here chirping does not refer to equi-
librium induced frequency sweeping exhibited by RSAEs.
This difference may be a result of the sub-Alfvénic beams
used in DIII-D as compared to the super-Alfvénic beams
described in [14].
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3 |
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Figure 8. (a) AE amplitude vs. Pjyj near gmin = 3. (b) AE amplitude
VS. ﬂfas{-cl(o) near gmin = 3.

TRANSP calculations indicate that the dominant mechan-
ism contributing to the difference between H and D beam
driven AE activity is the faster classical slowing down of H
beam ions relative to D due to the lighter H mass (70w == Mfast)
and the resultant lower beam ion pressure. This can be seen in
figure 8(b), where the AE density fluctuation amplitude calcu-
lated from CO?2 interferometer chords is plotted for the vari-
ous experimental beam and thermal species combinations vs.
on-axis classical fast ion beta (Bgg—c(0)), i.e. that expected
in the absence of MHD. For a given classical beam ion pres-
sure (rather than injected beam power), the AE amplitudes
are comparable for H and D beam injection. This is in con-
trast to comparisons for similar injected power where a large
variation exists for Hng; and Dyg; mode amplitude, high-
lighted by comparing the circled data points for ~5.0 MW
Hygy and =5.9 MW Dyg. For these two cases, the Spag ¢ var-
ies by a factor of 2.5, similar to that of the average mode
amplitude. Physically, for a given plasma shape, Spq—c can
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Figure 9. Bacl VS. Pinj for the different species and injected beam
power cases used.

be thought of as representing the approximate average clas-
sical beam ion pressure gradient—the AE ‘standard drive’
mechanism [6].

The actual variation of B, with injected beam power for
the various isotope combinations shown in figure 8 is given
in figure 9. Note, the g1 values given in figure 9 capture
the amplitude trends across all species including mixed back-
ground plasmas. For example, comparison of the ~3-5 MW
cases shows an ordering of B, analogous to that observed
for mode amplitudes at a given injected power, Hyg —
H < Hngr — H/D < Dng1 — H/D < Dngr — D. While other
factors could also be at play, such as the fact that Hyg —
H/D has a higher Alfvénic Mach number than all other com-
binations and Dng; — H/D has lower Alfvénic Mach num-
ber than Dng; — D, the data are consistent with a large
role of Bfast-cl-

Figure 10 further illustrates this effect through a compar-
ison of two repeat discharges with different electron dens-
ities varying by a factor of 2 x during the current ramp.
For the higher density, no AEs are unstable. In terms of
beam ion slowing down physics, this doubling of dens-
ity is roughly equivalent to halving the injected power or
Brastc1- This is similar to taking the 4 MW Hyg; — H/D
(Red open triangles) in figure 8(a) and moving them to
the 2MW points, which are in the noise. Alternatively,
one would expect doubling the electron density in discharge
184127 would result in spectra similar to figure 4(a), except
slightly lower mode amplitudes—which indeed is observed
(figure 10(b)).

The relative dependence of AE amplitudes and stability on
both gmin and Pl is shown in figure 11, where the relative
size of the markers is indicative of mode amplitude. The size
of the black markers is indicative of the noise floor. As can
be clearly seen, mode amplitudes increase as both gni, and
beam ion pressure increases with very low amplitude or
stable operating space below a line connection approximately

o4
E #184130
G 3
®
2 2 #184127
>
.— 1 E
(a)
oo . . .
400 600 800 1000
Time (ms)
A TTYEPYd~4.0MW Hy,, N /N ~53%
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Figure 10. (a) Line-averaged density in DIII-D discharges 184127
and 184130. (b) and (c) CO2 interferometer crosspower
spectrograms for Hngi, mixed H/D thermal at nominal and high
density respectively.

Brastet = 0.002, gmin = 3 and Brasi.c; = 0.011, gmin = 1. These
data are consistent with a similar plot obtained using a lar-
ger database of 38 DIII-D D discharges focused on the impact
of electron cyclotron heating on AE activity [36]. In general,
RSAE activity typically dominates the unstable spectra near
the stable/unstable boundary and TAEs are observed further
into the unstable region. For experimental planning, data such
as that presented in figure 11 can be used to guide DIII-D
AE control experiments and scenario projections targeting AE
stable operating points.

Theoretically, the most unstable toroidal mode number
depends on fast ion Larmor radius and banana width [9,
11], and should scale with beam ion mass roughly as 7y.x =

1/ Mllaéf[9]. Cursory analysis (not shown) using the RSAE fre-
quency model described in [36] to identify toroidal mode num-
bers, in for example the spectra of figure 4, appears to yield

very similar range of unstable mode numbers for both H and D
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Figure 11. AE amplitude data plotted vs. gmin and Bgasic1. Marker
size is linearly scaled according to mode amplitude from noise to
max amplitude. Black indicates inferred amplitudes below noise
floor.

beam injection. Roughly n = 2 — 6+ (the exact range depends
on beam power and gn;,) are routinely observed for each with
n = 2 — 4 being the strongest. Attempts to extract any system-
atic differences between the two beam ion species for sim-
ilar Bpsicl and gmin Were inconclusive, potentially due to the
relatively low toroidal mode numbers observed to be most
unstable.

4. MEGA modeling of AE activity

Computational modeling of the AE instability isotope depend-
encies is carried out using delta-F calculations with the hybrid
MHD code MEGA [23]; and many of the important trends
are reproduced. MEGA is a hybrid kinetic-MHD code, that
includes energetic particles, which has successfully modeled
AE stability and transport in DIII-D scenarios like those
presented here [37-40]. For this application, fast ions are
included using a delta-F particle-in-Ccll approach for the
gyrokinetic markers with an anisotropic slowing down form
for the distribution function prescribed with similar numer-
ical parameters to that described in [24]. The isotope exper-
iments described here are simulated using experimental equi-
libria and kinetic profiles from the H beam injection into
H thermal case 183739 (See figure 3(b) with a time chosen
near gmin = 3.

To simulate the power dependence, the on-axis fast ion
pressure is scanned and the unstable spectrum observed. To
simulate the isotope dependence, both the beam and thermal
species are then switched to D and a second scan carried
out. For this scan, n=3 is chosen since that corresponds
to a toroidal mode number frequently observed in these

10 -
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Figure 12. MEGA n = 3 results. (a) MHD energy vs. species and
fast ion beta. (b) and (c) radial velocity (proportional to
displacement and 8T,) at t = 0.3 ms for Hxgi/H and Dngi/D. (d)
ECEI for Dngi/D case.

discharges [24]. MEGA calculations given in figure 12 show
comparable growth rates (inferred from the slope of the tem-
poral amplitude evolution) for Hyg; and Dygy for the same
on-axis [y, similar to the mode amplitude dependence on
Beast.et (NOT injected power) as shown in figure 8(b). An
example comparison of the predicted RSAE eigenmode struc-
ture and that observed by 2D electron cyclotron imaging
(ECEI) is given in figures 12(c) and (d), where good agree-
ment is found including localization, extent and poloidal mode
number.

The dependence on gy, is investigated in a series of multi-
n simulations in which the input g-profile and gy, is scanned
from gmin = 3.4 — 2.4 by adjusting total current at fixed Siag.
Multi-n runs, as opposed to a single n, are used to reduce
sensitivity to changes in mode type or existence for a spe-
cific n value that could cause abrupt changes in growth rate
and a failure to see the overall trend toward reduced growth
rate as gmin decreases. The results of this numerical experi-
ment are given in figure 13, where figures 13(a)—(f) shows the
mode growth for n = 1 — 6 respectively and figure 13(g) shows
the corresponding g-profiles used. Clearly, mode growth rates
(a proxy for mode amplitudes) are extremely sensitive to
gmin With the relatively small change in gpin (Gmin = 3.4 —2.4)
causing up to a factor of five reduction in growth rates for
some cases. This modeling reinforces the approach to compare
mode amplitudes and stability for a given g,; as done in
figure 8.
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5. Impact of isotope on AE induced EP transport
and comparison with TGLFEP+TRANSP modeling

In this section, the effect of unstable AEs on the fast ion
content is investigated. Figure 14 shows the experimentally
measured stored energy obtained from EFIT [41] equilibrium
reconstructions vs. (g for the different isotope combin-
ations collected at gmin =4 and gmin = 3 (figures 14(a) and
(b) respectively). Overlayed on each plot are the classical
predictions for total stored energy from TRANSP (W). As
input, TRANSP takes the measured thermal kinetic profiles
(ne, Te, T;, Nimp, rotation) along with beam heating waveforms;
the thermal ion density is obtained from charge balance tak-
ing into account the measured electron and impurity densities
as well as the calculated fast ion profile. Thus, any measured
deficit in stored energy from ‘classical’ is primarily a deficit
in fast ion stored energy. A deficit in measured fast ion stored
energy from classical expectations can arise due to additional
transport that leads to either complete loss of fast ions from the
plasma or simply movement to regions of lower T, (or higher
n, although densities are either centrally peaked or flat in these
cases). The data in figure 14 show a significant departure from
classical predictions as B 1S increased. As with the mode
amplitudes, the departure from classical at a given Bgg.q 1S
similar for the different isotope combinations although the
highest B values are limited to D beam injection due
to power limitations with H beams. As gni, is decreased, the
fractional deficit is also decreased, again as expected from the
measured decrease in mode amplitudes with g .

The measured stored energy for each case can be dir-
ectly compared to both pre (see figure 1) and post experi-
ment TGLFEP+-Alpha calculations as shown in figure 15. In
this figure, panels 1(a) and (b) show the measured total stored
energy scaled to classical vs. Bgasecl at Gmin = 4 and gmin = 3
respectively. By scaling to the classical expectation and plot-
ting vs. Brast.cl, issues associated with deviations of the actual
kinetic profiles obtained in the experiment relative to those

used for the pre-experiment calculations are minimized. For
example, the actual electron densities in the experiment were
somewhat lower than that used for the pre-experiment calcu-
lations (=15%-25%) so, as elucidated in figure 10, compar-
ison at a given power would be misleading because a higher
Brast-c1 (Mmode drive) was realized for a given injected power in
the actual experiment. Post experiment TGLFEP+-Alpha cal-
culations use the measured kinetic profiles and equilibrium for
the ~4 MW cases in each isotope at gmin = 3 and scale the
classical source rate as well as current to assess the impact
at varying Spcl as well as gmin. Pre experiment calculations
were carried out over a fixed injected power range, which is
apparent in the reduced [ range for the H relative to D
cases.

The calculations are found to capture the major trends
well. In both cases, the D and H results lie very close to
one another for a given B¢~ a confirmation of the fact that
the dominant difference between these different isotope cases,
in the parameter range investigated, is the classical slowing
down. Essentially rescaled versions of these plots are shown in
figures 15(c) and (d), where the measured total stored energy
minus the classical thermal energy (W — Wierm.c1) Scaled to
the classical fast ion stored energy (Wrysc1) over the same
Brast-cl and gmin values are shown. The rationale for plotting
the data in this manner is that since Wierm ¢l 18 essentially the
measured thermal energy and W is the total stored energy, the
difference is the measured fast ion stored energy; scaling to
classical directly shows the deficit in fast ion stored energy.
While the error bars are large, particularly at low Sgag.c1, Where
the total fast ion energy is only a very small fraction of the total
stored energy, the calculations reproduce the measured trans-
port with up to 60% deficits observed in the highest power D
cases shown. The data are too noisy to tell whether the small
predicted differences between H and D at a given [Sgg. are
observed. The difference between isotopes for a given injected
power, however, is contained in the Bp,g.c; scaling, indicating
that this dependence is reproduced (this will be shown more
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Figure 14. Total stored energy classical and measured vs. Brasec1 for
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respectively.

clearly in discussion of figure 16). The fact that pre experiment
calculations show significant transport even at (g, | values as
low as 0.002 (and H powers as low as P;,; = 1 MW in figure 1)
indicate they are likely too pessimistic and underestimate the
threshold at which deleterious AE activity sets in. As can be
seen in figure 3(a), even H beam cases with 2 MW of injection
show little to no AE activity and, as shown in figure 8, amp-
litudes at these power and [, values are close to the noise
floor. The difference between pre and post experiment calcu-
lations, and the higher predicted (. for effects to become
noticeable in the post experiment case, is a result of modifica-
tions to the TGLFEP model itself including increased instabil-
ity discrimination. Only modes driving energy flux primar-
ily in the fast-ion channel (at least 10 times greater than in
the thermal-ion channel) were considered. Additionally, the
threshold growth rate was set to Ynresh = 0.157v£/|$|, where vg
is the (generally small in this case) local E x B shearing rate
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e
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Figure 15. Total measured stored energy scaled to classical at (a)
Qmin ~4 and (b) qmin ~3. and comparison to pre-experiment and
post-experiment calculations (solid and dashed respectively).
Difference of total measured stored energy and thermal classical
scaled to classical fast ion stored energy at (¢) qmin ~4 and (d)
Jmin ~Z3.

and § is the magnetic shear, as described in [42]. A nomin-
ally small cap is placed on sy near the g, surface where
it would otherwise diverge. These updates to the TGLFEP
selection algorithm were quantitatively significant, but do not
change the qualitative picture and will be discussed in more
detail in future publications.

Post experiment TGLFEP+Alpha calculations that used
the actual measured experimental profiles can be compared
directly to the unscaled stored energy deficits. These com-
parisons are shown in figure 16 for gmi, =4,3 and 2,
where excellent quantitative agreement of both the power
dependence and isotope dependence are found. While res-
ults with mixed D/H thermal plasma are shown, no TGLFEP
calculations were carried out for those cases; they are provided
for reference.

An additional point of comparison to TGLFEP modeling
for D cases is possible, i.e. the DD 2.5MeV neutron rates.
A difference in DD neutron emission relative to classical
TRANSP indicates larger than expected fast ion transport of
the highest energy particles near the central high T, region of
the plasma, this is in contrast to the fast ion stored energy
which has a much broader weight function [43]. Figure 17
shows the measured neutron emission and stored energy scaled
to classical TRANSP predictions in black for the ~4 MW
Dyg1 — D discharge 185781. As can be seen, the neutron defi-
citreaches 45% while the stored energy deficit is less (=27%);
both decrease in time as g, evolves and the AE activity dis-
sipates. Overlayed in red are the results of TRANSP runs that
incorporate a time and radially dependent diffusivity derived
from TGLFEP calculations. The TGLFEP+TRANSP calcu-
lations are much closer to unity, particularly for the stored
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Figure 17. Measured (a) DD neutron emission and (b) stored energy
scaled to TRANSP calculations without (black) and with (red)
time-dependent diffusivity calculated by TGLFEP for D/D case
185781.

energy, indicating the relaxed fast ion profiles are closer to
those obtained experimentally. The difference from unity in
the neutron emission for the TGLFEP+TRANSP run indic-
ates the transport of highest energy central fast ions causing the
bulk of the DD neutron emission is somewhat underpredicted.
This discrepancy is reasonable and likely due to limitations of
the model, which assumes an energy independent diffusivity
profile.

6. Summary and conclusions

Measurements of beam driven AE activity in matched D and
H DIII-D plasmas as well as mixed background (=50/50 D/H)
plasmas with reversed magnetic shear which show a large dif-
ference in the driven mode amplitudes and spectra for a given
injected beam power have been presented. In all cases with
H beam injection, no TAEs and overall lower AE amplitudes

Piyj compared to TGLFEP+Alpha calculations at (@) qmin =4, (b) qmin ~3 and (¢) qmin ~2.

were observed, while cases with D beam injection can exhibit
a mix of RSAEs and TAEs (an effect likely resulting from
the lower maximum drive that could be tested with H). A
comparison of mode amplitudes at a given g, and classical
on-axis fast ion pressure or S|, indicate similar amplitudes
are driven for all isotope combinations. This similar depend-
ence on S was also found in MEGA simulations through
comparison of AE growth rates in H and D beam heated plas-
mas. These results indicate the dominant mechanism contrib-
uting to the observed difference between H and D beam drive
is the faster classical slowing down of H beam ions relative
to D and the resultant lower beam ion pressure—a result con-
sistent with previous experiments in monotonic shear plasmas
showing weaker or no AE activity with H beam injection [8,
13]. Similar results are found for deficits in stored energy due
to the AEs, i.e. comparable transport is found for the different
isotope combinations for a given Sy cl.

This experiment was also a ‘predict-first’ experiment in
that TGLFEP+TRANSP was used to make estimates of the
expected fast ion transport for the different isotope combina-
tions. In general the major trends discussed above were pre-
dicted and the impact of AEs on stored energy relative to clas-
sical predictions was found to be in agreement with exper-
iment, although pre experiment calculations indicated sig-
nificant transport should set in at lower power values than
observed experimentally. Post experiment calculations of the
AE induced stored energy deficits using the reduced critical
gradient model TGLFEP are in excellent quantitative agree-
ment with the dependence on injected power, isotope and
gmin—showing promise for rapid predictions of fast ion trans-
port in future fusion devices.
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